When the mitotic apparatus (MA) at meiosis I and II in starfish oocytes was detached from the animal pole and translocated to the other cortex, MA induced polar body formation, which indicates reattachment of MA to the cortex. MA attachment was so strong that MA at meiosis II was frequently broken into two parts during detachment and from the remnant part remaining at the cortex an aster derived and a nucleus derived from the detached part. When they were apart until the cleavage stage, the oocyte divided into the aster-containing and nucleus-containing blastomeres and, further, only the former blastomere divided repeatedly. This result indicates that the centrosome in the peripheral aster, which presumes to be discarded into the second polar body, always has the capacity of duplication but the centrosome in the inner aster, which stays in the oocyte interior, has not the capacity and confirms our previous report (Saiki and Hamaguchi (1998) Dev. Biol.  203, 62-74 ). Furthermore, it is found by observing meiotic MA formation that this peculiar centrosome delivery at meiosis II is ensured by the fact that the attachment of the aster staying in the oocyte interior to the cortex occurs earlier than centrosome duplication. All rights of reproduction in any form reserved. Green lines are microtubules. (a) The region near the animal pole of an immature oocyte is shown. GV, germinal vesicle. (b) Metaphase at meiosis I. (c) The stage shortly after the first polar body formation when the long remnant spindle is still observed and the midbody forms. (d) The inner part of the spindle remnant becomes short and the centrosome in the inner aster moves to the cortex. (e)
INTRODUCTION
In oogenesis of multicellular animals, a female gamete (egg) is formed through two serial meiotic divisions (meiosis I and II), i.e., maturation divisions. These divisions occur unequally and the oocyte forms two tiny polar bodies. In starfish oocytes, as schematically shown in Fig. 1a , there are two premeiotic asters located between the cell membrane and the nuclear envelope of the germinal vesicle at the animal pole (Schroeder, 1985; Schroeder and Otto, 1984) . The premeiotic asters organize the mitotic apparatus for the first maturation division shortly after germinal vesicle breakdown. One of the asters (peripheral aster) of this apparatus attaches to the cortex of the animal pole (Fig.  1b) . The peripheral aster is morphologically different from the other aster (inner aster), which is spherical; also, this asymmetry influences the spindle structure (Satoh et al., 1994 (Satoh et al., , 1996 . Because the asters play important roles in meiotic divisions, I use the term mitotic apparatus (MA) instead of spindle in this study, although the spindle is the prominent structure in MA during meiotic divisions. Accordingly, at meiotic divisions, the meiotic MA, MA at meiosis I, or MA at meiosis II is used, and at cleavage division, MA of first cleavage or so is used.
A maternal centrosome, which is involved in the egg as a result of two meiotic divisions, loses duplicating capacity and is no longer used in cleavage division. After meiosis, each maternal centrosome in the egg and two polar bodies contains a single centriole but not a pair of centrioles as shown in Fig. 1h (Kato et al., 1990; Rieder et al., 1987; Sluder et al., 1989) . Sluder et al. (1989) reported that such maternal centrosomes have lost the duplicating capacity by the experiment of displacing the meiotic MA in the oocyte interior. However, Washitani-Nemoto et al. (1994) indicated that some maternal centrosomes have duplicating capacity by the suppression of polar body formation. Recently, I demonstrated that the duplicable maternal centrosomes are those in the polar bodies (polar body centrosomes) from the results that the enlarged polar bodies could divide (Saiki and Hamaguchi, 1997) and by the transplantation of the second polar body (Saiki and Hamaguchi, 1998) . In order to ensure that only a paternal centrosome intro-duced by the sperm is used in the zygote after fertilization, it is important that the centrosome without duplicating capacity is inherited in the egg. However, the mechanism for delivering the centrosome without duplicating capacity only in the egg and also the centrosome with duplicating capacity only in the second polar body at meiosis II is still unclear.
The meiotic MA not only keeps close to the cortex, but also connects mechanically to the cortex. In Chaetopterus oocytes (Lutz et al., 1988) , the connection between the cortex and MA is reversible. When MA was drawn toward the cell interior with a microneedle, a rupture of a mechanical link between the cell cortex and peripheral aster occurred. Thereafter, MA moved back to the animal pole but not to other cortical regions and a mechanical link reformed in these oocytes.
It is well known that microfilaments in the cortex play an important role in cell motility, especially in cell division (Schroeder, 1968 (Schroeder, , 1970 (Schroeder, , 1972 . Recently it has been reported in Xenopus, Drosophila, Caenorhabditis elegans, and Saccharomyces cerevisiae that microfilaments are required for MA positioning and that the interaction between the aster and cortex during MA positioning is mediated by the dynactin complex and cytoplasmic dynein (Gard et al., 1995; Gonczy et al., 1999; McGrail and Hays, 1997; Muhua et al., 1994; Skop and White, 1998; Waddle et al., 1994) . However, it is unclear whether the mechanical link between the cortex and the pole of MA directly forms between microtubules and the cell membrane or is indirectly mediated by microfilaments in the cortex. In this study, further development of the oocyte was investigated after detaching MA away from the cortex of the animal pole by micromanipulation; the development was dependent on the release site of displaced MA and the FIG. 1. Schematic representation of the formation of MA at meiosis II after the resumption of meiosis. The yellow circle shows the centrosome and in the circle the centrioles are represented by white and red bars. The centrosome containing the white centriole has the capacity to duplicate, but the other centrosome containing the red centriole has no capacity to duplicate. The blue circles are chromosomes. manipulating stage of meiosis I or II. Because the mechanical connection between MA at meiosis II and cortex was so strong that MA was broken during detachment, the process of MA formation was investigated. The role of microfilaments in the mechanical connection between the meiotic MA and cortex was also analyzed by using microfilament inhibitors.
MATERIALS AND METHODS

Culture
Oocytes were obtained from ovaries of the starfish, Asterina pectinifera, and washed in Ca-free sea water (Ca-free Jamarin U, Jamarin Lab., Osaka, Japan) to remove follicle cells as reported previously (Saiki and Hamaguchi, 1998) . They were treated with 2 M 1-methyladenine (1-MeAde; Sigma, St. Louis, MO) in sea water to induce meiotic division, in accordance with the method reported by Kanatani (1969) . Maturing oocytes were treated with 10 M A23187 for 5 min, beginning 40 min after the addition of 1-MeAde to elevate the fertilization envelope and to activate the oocyte (Washitani-Nemoto et al., 1994) .
Cytochalasin B and mycalolide B were dissolved in dimethyl sulfoxide (DMSO) at 5 mM as a stock solution and diluted 500-fold with sea water before use. Activated oocytes of A. pectinifera were treated with cytochalasin B or mycalolide B at 10 M for 10 min or more before manipulation.
Micromanipulation
Micromanipulation was carried out by using a micromanipulator and an injector (MO-102R and IM-4A; Narishige Sci. Inst. Lab., Tokyo, Japan) as follows. Micropipettes were made with a needle puller from a glass capillary with a 1-mm outer diameter. Sometimes the pipette was filled with paraffin oil for marking the animal pole. The oocytes were placed in a trough at a thickness of 100 m. In order to observe the periphery of the oocyte, a solution containing fructooligosaccharides (Wako Pure Chemical Industries, Ltd., Tokyo) whose refractive index was near that of the oocytes was perfused in the trough; the oocyte was manipulated and cultured in this solution. The tip of a micropipette was inserted into the oocyte through the fertilization envelope and the cortex, and then inserted into the spindle of the meiotic MA. Moving the pipette in the direction of the MA axis, MA was detached and translocated anywhere into the oocyte. Sometimes the detached MA was pushed against a cortex other than the animal pole cortex.
Observation
The living oocytes were observed mainly with a differential interference contrast (DIC) and polarization microscope (Microphot, Nikon, Tokyo, Japan). The image was taken on 35-mm film or by video-enhanced microscopy, which was carried out by using a video camera (WV1550, Panasonic, Tokyo) and an image processor (Image Sigma-II; Nippon Avionics Co. Ltd., Tokyo).
Microtubules were observed after immunofluorescence staining in accordance with the method of Hamaguchi (1998) with a slight modification. Shortly after the extrusion of the first polar body, the oocytes were permeabilized at 5-min intervals with a microtubule stabilizing solution [5 mM EGTA, 20 mM Pipes (1,4-piperazine-diethanesulfonic acid), 2 mM MgCl 2 , 1 M glycerol, pH was adjusted to 7.0 by KOH] supplemented with surfactants of 1% Nonidet P-40 and 0.2% CHAPS (N-cyclohexyl-3-aminopropanesulfonic acid) for 1 h. These eggs were fixed for 20 min with 0.3 mg/ml EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) and then for 20 min with 1.8% formaldehyde in the solution without surfactants. They were stained with the anti-tubulin antibody DM1A (Amersham, England) and stained with the DNA binding dye, 4Ј,6diamidino-2-phenylindole (Sigma) at 0.5 g/ml for 5 min for chromosome observation.
RESULTS
Ectopic Polar Body Formation after Release of the Detached Meiotic MA at the Cortical Sites away from the Animal Pole
After germinal vesicle breakdown, MA at meiosis I forms and takes up an asymmetric position, oriented perpendicular to the cell cortex and attached at the embryonic animal pole. In DIC microscopy, this region was transparent without yolk granules (Fig. 2 ). On the other hand, in polarization microscopy, the birefringent spindle was clearly observed, whereas the asters were not observed ( Fig. 2 , and see Satoh et al., 1994) . In order to mark the animal pole at meiosis I, a small paraffin oil drop, formed at the tip of the micropipette, was attached to the pole with a micropipette for micromanipulation ( Fig. 3) . At meiosis II, the first polar body itself was the mark of the animal pole.
The meiotic MA was displaced from the animal pole to various regions in the oocyte with a micropipette. It scarcely moved after being released from the micropipette. After the displacement experiment of MA, later development of the oocyte depended on the releasing site. When MA was released at the oocyte interior, further polar body formation was inhibited and, afterward, the nucleus appeared at the releasing site (Fig. 2) . The timing of the appearance of the nucleus was the same as that in control oocytes; when MA at meiosis I was translocated, the nucleus appeared about 60 -70 min later and when MA at meiosis II was translocated, the nucleus appeared about 20 -30 min later.
When MA was released near the cortex or pushed against the cortex away from the animal pole, the polar body extruded at this site ( Figs. 3 and 4 ), which indicates that MA reattached to the cortex of this site. As shown in Fig. 3 , when the manipulation was carried out during meiosis I, the first and second polar bodies were extruded at the displaced region, but not at the original animal pole. Only one polar body was extruded in some cases and, because the timing was similar to that of the second polar body formation in control oocytes, it is considered that the polar body was the second polar body and that the first polar body formation failed in those cases. In one case, two polar bodies extruded at once independently from the oocyte at the timing of the second polar body formation in control oocytes. Consequently, as shown in Fig. 5a , polar body formation occurred everywhere on the cortex of the oo-cytes. Ectopic polar body formation at the cortex near the animal pole occurred more frequently than that at the cortex near the vegetal pole. This is caused by the ease of displacing MA to the cortex near the animal pole, although cortical polarization for polar body formation along the animal-vegetal pole has not yet been investigated.
When the displacement of the meiotic MA was carried out at meiosis II, the second polar body sometimes extruded as shown in Fig. 4 . Ten cases where polar body formation successfully occurred are summarized in Fig. 5b , which suggest that polar body formation occurred all over the surface of the oocyte even when the displacement of MA was carried out during meiosis II. Although the whole MA was apparently displaced as shown in Fig. 2 , in many cases MA frequently disorganized earlier than polar body formation.
Further Development after Release of the Detached MA in the Oocyte Interior during Meiosis II
In order to understand that the displaced MA at meiosis II disorganized and subsequently that ectopic polar body formation was rare by displacement, the further development of the manipulated oocyte was observed. Before and after the bulge at the animal pole appeared (the bulge indicates anaphase transition), the manipulation was carried out and MA was left at the oocyte interior but not near the cortex. Even after bulge formation, the interzone of the spindle was so strong that MA was apparently displaced by a micropipette and the nucleus formed at the site where MA was released as shown in Fig. 2 .
Judging from further development, it is found that MA had been broken frequently as schematically shown in 6. Accordingly, the results were divided into three groups; group I, as a result of manipulation the whole MA was displaced. In the oocytes of groups II and III, an aster was observed at the animal pole region, which indicates that MA was broken during manipulation and that the peripheral aster was left at the animal pole even after manipulation. In addition, an extra small nucleus was sometimes observed at the animal pole, which also indicates that MA was broken and that some chromosomes were left at the animal pole together with the peripheral aster, whereas the other chromosomes were translocated together with the displaced part of MA. In the oocytes of group II, the nucleus left in the oocyte interior moved back to the originally attached site where the aster was found (Fig. 7) . In the oocytes of group III, when the distance between the nucleus and the aster at the animal pole was long, the nucleus did not move and subsequently an extra aster was observed at that place after the nucleus disappeared at first cleavage ( Fig. 8) .
At first cleavage or later, the oocytes of groups I and II developed in a similar manner as described below. During first cleavage, the half spindle, but not the full spindle with amphiaster, formed and the oocyte did not divide (Fig. 8b) , whereas at second cleavage cell division occurred. Further, each blastomere divided into two successively, which indicates that, because the oocyte was activated with A23187, the centrosome of the polar body left in the oocytes was duplicated one cell cycle later and that the cell was then divided (Fig. 8) . On the other hand, in group III, the oocytes divided into two blastomeres, each of which contained a single centrosome at first cleavage; one was on the animalpole side, the other was on the vegetal-pole side, which is quite different from normal first cleavage, when the cleav-age plane contains the animal-vegetal axis (Fig. 9 ). Thereafter, the vegetal blastomere never divided; on the other hand, the animal blastomere divided successively at each cleavage of control, which indicates that the polar body centrosome, which always attaches to the cortex, has capacity to duplicate.
Summary of the development of the oocyte where MA was displaced at meiosis II before furrow formation is shown in Table 1 . By manipulation during prometaphase or metaphase before bulge formation at the animal pole, complete displacement of MA was found in 5 examples out of 21 examples (24%), but during early anaphase (the stage from bulge formation to furrow formation) successful displacement was none out of 42 examples.
Involvement of Microfilaments in Attaching the Meiotic MA to the Cortex
In order to investigate the role of microfilaments in connecting mechanically the mitotic apparatus to the animal pole, the oocyte was treated with microfilament inhibitors, cytochalasin B and mycalolide B, and then displacement was carried out. The cytochalasin B-or mycalolide B-treated oocytes neither extruded polar bodies nor divided after manipulation. So the results were judged by the region where the aster formed at the timing of first cleavage of control (stage d in Fig. 6 ). In group I, an aster formed at the releasing site of the apparatus. In groups II and III, an aster formed near the animal pole, although in III an extra aster formed at the releasing site and hence groups II and III were summarized into one as shown in Table 2 . In untreated oocytes or the oocytes treated with 0.2% DMSO, which was used as a solvent for the microfilament inhibitors, MA was broken in 100% of samples during manipulation. However, out of 46 oocytes treated with cytochalasin B, the whole MA was detached from the animal pole cortex in 25 oocytes (54%). On the other hand, the successful samples increased up to 67% in oocytes treated with mycalolide B (Table 2) . Therefore, microfilaments were involved in attaching the meiotic MA to the cortex.
Attachment of MA to the Cortex Occurs at Early Process of Meiosis II
DIC microscopy was carried out during meiosis II in order to observe the process of the meiotic MA formation. As shown in Fig. 10 , shortly after the first polar body formation, the chromosomes left in the oocyte interior moved towards the cortex of the animal pole together with the inner aster of the MA at meiosis I (Figs. 10a-10d) , which indicates that a mechanical link between the cell cortex and the pole of MA at meiosis II already existed. However, the moving direction of these aster and chromosomes was somewhat different from the midbody where the first polar body connected, which means that the mechanical link was not the remnant of the spindle which the midbody composed. This fact resulted in the arrangement of the two polar bodies: the first polar body usually situated obliquely on the second polar body but not right on the top of the body or exceptionally the polar bodies situated directly on the oocyte standing side by side. Then these chromosomes moved inward when the transparent region grew, and the chromosomes aligned, which indicates that spindle formation apparently occurred (Figs. 10e-10g ). Finally, chromosomes split into two groups and the cortex bulged for the second polar body extrusion (Fig. 10h ).
Indirect immunofluorescence was carried out during the second meiotic division. As shown in Fig. 11 , shortly after the first polar body formation, the long remnant spindle was observed and the midbody formed ( Figs. 11a and 11b) . The inner part of the spindle remnant became short (Figs.  11c and 11d) . Two asters were found within a short distance beneath the cortex (Figs. 11e and 11f) , the distance between the asters became long (Figs. 11g and 11h) , and finally between the asters the spindle was found (Figs. 11i and 11j ).
According to these observations by DIC microscopy and immunofluorescence, the process of MA formation at meiosis II was summarized schematically as shown in Figs. 1c-1g. Consequently, meiotic MA formation occurs just beneath the cortex of the animal pole but not at the oocyte interior after the inner centrosome at meiosis I moves towards the cortex (Fig. 1d ). Therefore, it is considered that the quick attachment of the inner aster staying in the oocyte interior after meiosis I to the cortex ensures the peculiar centrosome delivery at meiosis II as reported previously (Saiki and Hamaguchi, 1998) .
DISCUSSION
Polar Body Extrusion Is Not Specialized at the Animal Pole
Naturally, a polar body forms at the animal pole. However, a polar body could extrude at any site of the cortex, even at the vegetal pole, when the meiotic MA is translocated from the animal pole to any site, which means that the meiotic MA can attach to the cortex again and that the cortex can induce a furrow in response to the dividing stimulus of the meiotic MA.
In this study, it was found for the first time that, after the formation of the meiotic MA, its displacement resulted in ectopic polar body formation. On the other hand, in previ- ous reports, displacement of the nucleus or nuclear materials was carried out before MA formation and resulted in ectopic polar body formation as described below. Chambers (1917) reported that the second polar body was produced some distance away from the first one in the oocyte of a nemertine, Cerebratulus, when the daughter nucleus of the first meiotic division was pushed about anywhere. Shirai and Kanatani (1980) reported that the first polar body formed at the vegetal pole of the oocytes of A. pectinifera when the germinal vesicle was translocated from the animal pole to the vegetal pole by centrifugation, although it was reported that cortical polarity existed along the animalvegetal axis (Schroeder, 1985) . Gard (1993) reported that ectopic polar body formation occurred except for the cortex around the vegetal pole of the oocytes of Xenopus when the germinal vesicle was translocated by cooling and inverting.
In Chaetopterus oocytes (Lutz et al., 1988) the displaced meiotic MA was returned to the animal pole, but not to other cortical regions. If removed too far from the attachment site cortex (Ͼ35 m, zone of influence), MA remained stationary until pushed close to the original attachment site. In the case of the starfish, MA detached from the cortex neither moved back to the originally attached cortex nor to the other cortex. Because aster sizes were measured at meiosis I to be 14.4 m (Saiki and Hamaguchi, 1993) , the potency for MA to move back to the cortex may be the distance of 14 m from the cortex. On the other hand, at the pronucleus stage the aster formed at the cortex pulled the pronucleus which derived from the detached MA even when the distance between the aster and pronucleus was 100 m or more, although no difference in tubulin contents between the oocytes and embryos was found (Shirai et al., 1990) .
Mechanism of the Meiotic MA Attachment to the Cortex
Strength of the mechanical link between the cortex and MA may be dependent on the species. In Chaetopterus oocytes (Lutz et al., 1988) , rupture of a mechanical link between the cell cortex and peripheral aster occurred as the meiotic MA was drawn toward the cell interior with a microneedle. In nemertine oocytes, MA was elongated but was not detached from the cortex when MA was drawn (Chambers, 1917) . Strength of the mechanical link between the cortex and MA is also dependent on the stage of mitosis. In this study, in ca. 20% of samples, the mitotic apparatus was successfully detached before bulge formation (at prometaphase or metaphase) at meiosis II and in all of the samples MA was broken after bulge formation (at anaphase). Such a difference was reported in neuroblast division of a grasshopper (Kawamura, 1960) and is also suggested by the reports of centrifuged oocytes of Crepidula (Conklin, 1917) .
The manipulation at meiosis I was more successful than that at meiosis II. In other words, the mechanical link between the cortex and peripheral aster was stronger than that between the peripheral aster and spindle in this study during meiosis I. It is natural that, during meiosis II, the spindle was thinner than that during meiosis I (Satoh et al., 1994) and so the link between the peripheral aster and spindle at meiosis II might be weaker than that between the peripheral aster and spindle at meiosis I. This phenomena of breaking might explain the low yield of successful transplantation of MA at meiosis II reported by Sluder et al. (1993) . Note. I, The whole mitotic apparatus for second meiotic division was displaced from the cortex. II, The mitotic apparatus was broken during manipulation and the nucleus moved back to the animal cortex. III, The mitotic apparatus was also broken during manipulation but the nucleus stayed at the released site. In other two cases, one oocyte cleaved into three cells at once, and the other did not divide for several hours after manipulation. Microfilament inhibitors used in this study were cytochalasin B and mycalolide B. Cytochalasin B is a wellknown inhibitor. On the other hand, microfilament depolymerizing mechanism of mycalolide B isolated from marine sponge is quite different from that of cytochalasin B (Fusetani et al., 1989; Saito et al., 1994) . Mycalolide B was more effective than cytochalasin B for rupture of a mechanical link between the cortex and the peripheral aster. Microfilament inhibitors weakened the binding between the cortex and peripheral aster of MA, although these effects were not always sufficient for MA displacement without breakage. Microfilaments play a role in binding the aster to the cortex adding to the microtubules themselves, although the interaction between the cortex and the aster remains as an unsolved problem during meiosis of Asterina.
Dynein and dynactin complexes are required for the orientation of MA and nuclear positioning as described in Introduction (for a review, see Schaerer-Brodbeck and Riezman, 2000) . These complexes might link the cortex to the distal ends of the microtubule and would be responsible for generating the pulling force on astral microtubules. Dynactin complexes may serve as a tether for dynein at the cortex and allow dynein to produce forces on the astral microtubules required for MA alignment (Skop and White, 1998) . Note. I, II, and III represent the same events as shown in Fig. 5 ; in group I, the mitotic apparatus was wholly detached and II ϩ III means the results of groups II and III were summarized in one because, in these cases, the detached mitotic apparatus was broken. 
The Centrosome of the Peripheral Aster, Which Is Presumably Discarded into the Polar Body, Ejects the Inner Centrosome
By the displacement at meiosis II, it was found that the centrosome in the peripheral aster, which is presumably discarded as the centrosome in the polar body, has the capacity to duplicate but the inner aster has not the capacity. Such a difference was previously reported in our studies about cell division of the polar bodies and transplantation experiment of a polar body Hamaguchi, 1997, 1998) , even though both the polar body centrosome and egg centrosome once constituted MA at meiosis II and had a single centriole (Kato et al., 1990; Rieder et al., 1987; Sluder et al., 1989) . How is the particular destiny of the two centrosomes determined during meiosis II? Observing MA formation during meiosis II, the astral rays of the inner aster connected to the cortex and the centrosome in the aster moved to the cortex (Fig. 1d ). This step is considered to ensure the peculiar centrosome delivery at meiosis II. Subsequently, centrosome division but not centrosome duplication occurred because the centriole number decreased from two to one and the peripheral centrosome in the cortex ejected the inner centrosome at meiosis II (Figs. 1e and 1f). Therefore, as shown schematically in Fig. 1 , the inner centrosome, which has always no potency of duplication, is ejected away from the cortex into the oocyte interior; on the other hand, the peripheral centrosome, which has capacity of duplication, has settled to the cortex at first, although the two centrosomes are derived from the same centrosome; the inner centrosome at meiosis I. Moreover, it is found that the timing of spindle attachment in meiosis II is different from that in meiosis I, when spindle attachment occurs after centrosome duplication and separation. Ejection mechanism of the inner centrosome at meiosis II remains an unsolved problem.
